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We report a high-resolution laser-based angle-resolved photoemission spectroscopy (laser-ARPES) study of
single crystals of FeSe, focusing on the temperature-dependence of the hole-like bands around the Γ point.
As the system cools through the tetragonal-orthorhombic “nematic” structural transition at 90 K, the splitting
of the dxz/dyz bands is observed to increase by a magnitude of 13 meV. Moreover, the onset of a ∼10 meV
downward shift of the dxy band is also at 90 K. These measurements provide clarity on the nature, magnitude
and temperature-dependence of the band shifts at the Γ point in the nematic phase of FeSe.
Introduction.- The drive to understand the origin of uncon-
ventional superconductivity in the iron-based superconduc-
tors has led to a focus on the ordered phases also found in
their phase diagrams. Amongst these, the so-called “nematic
phase” has been intensively studied, but remains poorly un-
derstood. The nematic phase is characterised by a tetragonal
to orthorhombic phase transition of the lattice, and there is
a general consensus that it is driven by electronic degrees of
freedom; however the relative importance of spin and orbital
degrees of freedom is still debated [1–3]. Recently, FeSe has
become a focal point of this discussion due to its unique prop-
erties: it exhibits a tetragonal-orthorhombic transition at 90 K
but no magnetic ordering at any temperature, in addition to
fascinating phase diagrams under pressure [4] and chemical
substitution [5]. It was suggested that FeSe might be a system
where orbital ordering, and not magnetic interactions, may
play the dominant role in the nematic order [6], and various or-
bital ordering scenarios have been proposed [7–12], while on
the other hand the presence of strong paramagnons [13, 14]
and possible magnetic frustration [2, 15] would suggest that
magnetic interactions may yet play an important role.
Key to the resolution of this debate are details of the evolu-
tion of the band structure of FeSe, for which high-resolution
angle-resolved photoemission spectroscopy (ARPES) mea-
surements can provide a unique experimental insight. In
principle, by observing splittings and band shifts at differ-
ent points in the Brillouin zone and making comparison to
measurements in the higher temperature tetragonal phase, the
form of the orbital order parameter in the low-temperature
phase could be completely constrained. However in practice
there has been a significant controversy surrounding the inter-
pretation of ARPES measurements of FeSe. This is particu-
larly the case for the electron pockets at the M¯ point, where a
large 50 meV energy scale has been associated with the lift-
ing of dxz − dyz degeneracy in several papers [10, 16–18],
but interpreted as separate dxz/yz and dxy bands in other re-
cent works [9, 19]. For the hole pockets around the Γ¯ point,
the interpretation of the data ought to be more straightforward,
however there are also conflicting reports here [8–10]. The re-
sulting confusion over which order parameters are consistent
with the experimental data has hampered progress towards the
robust identification of (the orbital component of) the nematic
order parameter in FeSe. There is therefore a strong motiva-
tion to revisit the problem of the temperature-dependence of
the hole pockets of FeSe in detail, which is a good match to
the capabilities of laser-ARPES.
In this paper we present a study of the evolution of the hole-
like bands of single crystals of FeSe using high-resolution
laser-ARPES. We perform a fitting analysis of the data to ex-
tract band positions at the Γ¯ point as a function of tempera-
ture. We observe that the dxz/dyz hole bands are split due to
spin-orbit coupling at high temperature, but the splitting has
a marked increase at low temperature which onsets exactly
with the structural transition at 90 K. Furthermore we report
a downward band shift of the dxy hole band at the Γ¯ point
which accompanies the nematic ordering. Our results clar-
ify the nature, magnitude and temperature-dependence of the
band shifts at the Γ¯ point in the nematic phase of FeSe, and
we discuss how our results constrain, support, or rule out the
various orbital order parameters suggested in the literature.
Methods.- Single crystals of FeSe were grown by the vapor-
transport method [8]. Laser-ARPES measurements were per-
formed at Synchrotron Radiation Center (HSRC), Hiroshima
using a photon energy of 6.268 eV [20]. Fresh surfaces were
prepared by cleavage at T = 20 K. The high-symmetry mea-
surement geometry through normal emission (Fig. 1) was de-
termined by a rotation scan of the sample tilt, after choosing
a suitable part of the sample which gave a homogeneous sig-
nal over a> 100×100 µm2 area. The temperature was raised
from T = 15 K in steps; the sample position was kept constant
(within ∼ 20 µm) with small positional adjustments based on
a survey of two optical cameras to compensate for the thermal
expansion of the sample manipulator. The sample quality was
checked by obtaining identical data after cooling back down
to T = 19 K.
Results.- In Fig. 1a), we show the sketch of the hole bands
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FIG. 1. a) Schematic band structure of FeSe, for a slice through
the Γ¯ point in the M¯Γ¯M¯ direction. b) Laser ARPES measurement
in s polarisation. c) Measurement obtained in a mixed polarisation.
Dashed red lines show the integration window (±0.015 A˚−1) for the
EDCs used for the fitting analysis. d) Second-derivative plot of c).
e,f) Higher temperature data obtained in the same geometry as c).
of FeSe [8, 21], focusing on the energy and momentum region
accessible by our laser-ARPES set-up. The bands are labelled
by their dominant orbital characters in this high-symmetry
cut, consistent with other reports, although in reality the or-
bital characters on the bands are mixed, especially near anti-
crossings. Note that this schematic diagram refers to the low
temperature phase in a twinned sample, where a superposi-
tion of both orthorhombic domains is observed in experiment,
so that both the inner and outer branches of the elliptical dxz
pocket are observed. In principle the inner dyz band should
also display split dispersions away from Γ¯, however this de-
tail is yet to be clearly resolved. For the experimental ARPES
measurement shown in Fig. 1b) using s polarisation, the spec-
trum is dominated by the outer hole band with primarily dxz
character. The outermost kF value is estimated to be 0.06(1)
A˚−1. By comparison with previous photon-energy dependent
studies [8], this implies that our laser-ARPES is measuring at
an effective kz close to the 3D Γ point.
For the purposes of this study, a strong intensity of the in-
ner dyz band and a resolvable dxy peak at the Γ¯ point were
desirable. In order to meet this condition, we used a mixed
polarisation, shown in Fig. 1c). Although this spectrum is
asymmetric, the Energy Dispersion Curve (EDC) at Γ¯ is more
suitable for the extraction of band positions from fitting the
EDCs. In Fig. 1d) we plot the second derivative of this mixed
polarisation measurement, which shows traces of all the ex-
pected bands.
We now perform a fitting analysis of the temperature-
dependent EDCs at the Γ¯ point, using a model with as few
free parameters as possible. We chose to fit the data with
three peaks representing the three band positions, a back-
ground function to account for secondary electrons and the
Fermi function, all convoluted with the experimental resolu-
tion. For the peaks, we chose pseudo-Voigt functions [22],
although the results do not depend strongly on this choice.
In order to minimize the number of free parameters we con-
strained all the peaks to have equal width. Moreover the peak
amplitude of the dxz band was fixed to be equal to its relaxed
value at high temperature. A simplistic approximation to the
secondary electron background is incorporated with an error
function which is centered on the central peak with the largest
amplitude, and also has the same width. Thus the model has
7 free parameters, including the 3 peak positions.
In Fig. 2a) we show representative fits to the experimental
data, where it can be seen that the fit matches the data well
while also giving physically reasonable peak and background
lineshapes. It should be noted that the position of the dxz
band above EF has a larger degree of uncertainty, especially
at low temperatures, as the peak only partially contributes to
the spectrum before the Fermi cut-off [23]. In Fig. 2b) we
show ARPES data divided by the Fermi function to reveal
the features just above the Fermi level. As can be seen, the
band positions from the peak fitting all agree with features that
can be observed directly in the data, giving confidence in our
methodology. In Fig. 2c), we show a selection of integrated
EDCs; it can be readily observed here that the peak positions
in the occupied states do not evolve smoothly as a function
of temperature, but have a kink at 90 K. The extracted peak
positions as a function of temperature, which are the central
result of this paper, are shown in Fig. 2d).
In the high temperature tetragonal phase, the dxz and dyz
bands are split by spin-orbit coupling only [8, 24]. Thus
we estimate the magnitude of the spin-orbit induced split-
ting at the Γ point to be 23.5 meV, similar to previous re-
ports [8, 25]. Below 90 K, an increased splitting of the bands
is expected if the nematic order parameter has a symmetry
breaking term such as ∆2 (nyz − nxz) taking a non-zero value
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FIG. 2. a) Selected EDCs, showing the fit and individual peak lineshapes and background components. b) Comparison of ARPES data at 60 K
and 100 K; data are divided by the Fermi function to reveal the band dispersions above EF . Extracted band positions are also marked. c)
Selected EDCs stacked according to temperature. d) Temperature-dependence of band positions at the Γ¯ point from the fitting analysis.
at k=0 [24]. Thus our observation of an order parameter-
like increase of the separation of dxz and dyz bands may
be considered a direct signature of symmetry-breaking, since
the spin-orbit term is expected to be temperature-independent.
By low temperatures, the magnitude of the splitting reaches
37.5 meV, an increase of the band separation by 14 meV. We
note that this actually implies a significantly larger value of
∆ ∼ √(37.52 − 23.52) ∼ 29 meV, as the nematic splitting
adds in quadrature, not linearly, with the gap due to spin-orbit
coupling [11, 24].
We also observe that the binding energy of the dxy band
increases by ∼ 10 meV below 90 K. This effect has not
been previously reported at the Γ¯ point, although it has been
observed that the saddle point of the dxy bands at the M¯
point moves to higher binding energies by about 10 meV be-
low 90 K [9]. Since the magnitude and direction of these
band shifts in different regions of the Brillouin zone are in
agreement, it seems that the dxy band shift is momentum-
independent. Two interpretations of this feature are possi-
ble. The first interpretation is that the dxy band shift is an
intrinsic feature of nematic order. However, most studies con-
sider the nematic order parameter to originate in the dxz/yz
orbitals which are globally degenerate in the tetragonal phase,
and furthermore a rigid shift seems an unlikely consequence
of symmetry-breaking order. The second interpretation is that
the momentum-independent shift of the binding energy of the
dxy band is not fundamentally related to the nematic order pa-
rameter, but rather is a manifestation of a shift of the chemical
potential which is necessary for charge conservation when the
nematic order parameter sets in and shifts the dxz/yz bands
near the Fermi level. However differences between these two
interpretations are subtle, and a combination of both effects is
also possible. The uniform downward trend of all band po-
sitions at the Γ¯ point above 90 K is not an artefact, but is a
real effect related to a gradual temperature dependence of the
chemical potential in FeSe in the tetragonal phase [26].
Our results have important implications for the discussion
of the nematic order parameter. The observation of a marked
increase in the splitting of the dxz/dyz bands at the Γ¯ point
below 90 K rules out the scenario of d-bond nematic order
[7, 10]. The observations in this work alone could be con-
sistent with ferro-orbital ordering, however that scenario has
already been conclusively eliminated by detwinned studies of
FeSe [21]. The rarely-considered extended s-wave bond ne-
matic order [7] would be a possible explanation of our data set
at the Γ¯ point, but this order parameter takes zero value at the
M¯ point, in contrast with the significant band shifts detected
experimentally [9]. Therefore in our understanding, the “uni-
directional nematic bond order” (which may be considered as
a variant of the extended s-wave bond nematic order) recently
proposed by some of us [9] is the only order parameter which
is broadly consistent with all experimental data. There is not
yet consensus on these issues [12, 16, 19], however we hope
that this study will provide much-needed clarity on the behav-
4ior of the hole bands of FeSe in the nematic phase.
Conclusion.- We have performed a detailed laser-ARPES
study of the hole pockets of FeSe, revealing the onset of an
increased splitting of dxz/dyz bands below 90 K which is as-
sociated with a symmetry-breaking orbital ordering. In addi-
tion the dxy band also shifts to higher binding energies below
90 K. These results help to constrain models of ordering in the
nematic phase of FeSe.
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